The observational legacy of preon stars - probing new physics beyond the LHC 
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We discuss possible ways to observationally detect the superdense cosmic objects composed of 
hypothetical sub-constituent fermions beneath the quark/lepton level, recently proposed by us. The 
characteristic mass and size of such objects depend on the compositeness scale, and their huge 
density cannot arise within a context of quarks and leptons alone. Their eventual observation would 
therefore be a direct vindication of physics beyond the standard model of particle physics, possibly 
far beyond the reach of the Large Hadron Collider (LHC), in a relatively simple and inexpensive 
manner. If relic objects of this type exist, they can possibly be detected by present and future x-ray 
observatories, high-frequency gravitational wave detectors, and seismological detectors. To have a 
realistic detection rate, i.e., to be observable, they must necessarily constitute a significant fraction 
of cold dark matter. 

PACS numbers: 12.60.Rc, 04.40.Dg, 95.35.+d 



I. INTRODUCTION 

It is often assumed that cold dark matter (CDM) is 
some "exotic" type of weakly interacting elementary par- 
ticles, primordial relics created in the early universe, not 
yet detected in particle accelerator experiments. This 
hypothesis works well in cosmology, but both astrophys- 
ical observations, and discrepancies between simulations 
and observations of galaxies suggest that such a picture 
may be oversimplified. For example, simulated density 
profiles of CDM halos are too cuspy, more dwarf galaxies 
should have been observed because the number of halos 
is expected to be inversely proportional to the mass, and 
hydrodynamic simulations produce galaxy disks that are 
too small, with too low angular momenta Moreover, 
there is a close relation between the rotation curve shape 
and luminosity distribution in spiral galaxies, indicating 
that CDM couples to luminous matter 0], and the core 
density in spiral galaxies is roughly constant, scaling with 
the size of the core [|| , in conflict with predictions from 
such models. Further information and more examples 
can be found in [i[ and references therein. 

Considering the complexity of galaxies and the over- 
all success of the traditional view [5j, i.e., that CDM is 
composed of stable weakly interacting (massive) particles 
(WIMPs), there are no truly compelling reasons to aban- 
don it. It is sensible, however, to also explore alternative 
possibilities. In particular, since there are indications 
that CDM couples to baryons, parsimony ("Occam's ra- 
zor" ) suggests that it could be a novel state of "ordinary" 
matter, which decoupled from the radiation in the early 
universe before the onset of primordial nucleosynthesis. 
Any structure created at such an early epoch would nec- 
essarily have a low characteristic mass and could there- 
fore have remained unnoticed. 

The spirit of this idea is not new. Already in the 
1980s it was suggested that lumps of stable quark mat- 
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ter, so-called quark nuggets, could have formed in the 
early universe Q. Should they exist, such objects con- 
tribute to CDM and if they were produced in abundance 
they could explain some observations that are inconsis- 
tent with the traditional view [4|. No observation pre- 
cludes the possibility that such objects compose the bulk 
of CDM, provided that the mass of the objects does not 
exceed ~ 10 23 kg [1,0]. This idea has a natural extension 
to particle scales beneath the quark/lepton level. Sub- 
quark particles (hereafter called preons) are motivated 
in part by the existence of three fermion generations, 
and other unexplained relations in the standard model 
of particle physics (SM), which indicate that quarks and 
leptons could well be composite. Detailed motivations 
can be found in, e.g., Q and references therein. If pre- 
ons exist, stable compact objects ("preon stars") with 
densities at least ten orders of magnitude higher than 
in quark nuggets/stars could exist [1, [T(j. See also [ll| 
and [12|, ll3| ■ While the microscopic motivation for such 
objects is still somewhat schematic, and the possibility 
that they formed in the early universe uncertain, it is 
by no means impossible [Tl|, 13 ■ As the consequences 
of their eventual existence are very interesting and far- 
reaching, an investigation of their phenomenology seems 
well-motivated. In the present paper, we briefly discuss 
some possibilities to observe compact preon dark mat- 
ter (CPDM), i.e., relic preon stars/nuggets, and how the 
quark compositeness scale may be linked to astrophysical 
data. A different scenario where dark matter is related 
to preons has been suggested in 15]. 



II. PROPERTIES AND FORMATION 

In the mid 1960s it was shown that for solutions to the 
stellar structure equations, whether Newtonian or rela- 
tivistic, there is a change in stability whenever the mass 
reaches an extremum as a function of the central den- 
sity (l6| . The instability in-between white dwarfs and 
neutron stars, which spans several orders of magnitude 
of central densities, is an example of this property. Con- 



2 



sequently, beyond the density of the maximum mass neu- 
tron (or quark/hybrid) star, ~ 10 16 g/cm 3 [l7(, config- 
urations are unstable. The order of magnitude for this 
limiting density is valid also for a hypothetical third class 
of compact stars [18j, [l9j, l20| and for stars composed of ex- 
otic hadron/quark condensates. The instability is there- 
fore generally assumed not to end before the Planck scale, 
if at all. This assumption, however, is valid only in the 
context of the SM, where quarks and leptons are elemen- 
tary. If there is at least one deeper layer of constituents, 
beneath the particles of the SM, a corresponding class 
of stable compact objects could exist d, Ed, EH- The 
density of such objects cannot be explained within the 
context of the SM. This "window of opportunity" to new 
physics is our main motivation for investigating means to 
observe them. In the following, we briefly describe the 
relation between the compositeness scale and the prop- 
erties of such objects. 

The characteristic density, size, and mass of a compact 
object depend on the strength of the interactions between 
the constituent particles, see, e.g., [2l| . Qualitatively, 
the relation between these quantities can be obtained in 
a simple way. Under the assumption that the equation 
of state of matter is everywhere causal it follows that the 
radius, R, of a stable compact object must exceed 4/3 of 
its Schwarzschild radius, Rs = 2GM/c 2 , where M is the 
mass of the object (without the assumption of causal- 
ity the factor is not 4/3 but 9/8), a result that follows 
from the general relativistic stellar structure equations. 
Simplifying the density to be constant within the object, 
this leads to an order of magnitude estimate for the rela- 
tion between the density, p, and the mass/radius of the 
maximum mass configuration 
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For neutron stars with p ~ 10 15 g/cm 3 , this estimate 
yields M ~ 3 M Q and R ~ 10 km, correct order of mag- 
nitudes for neutron stars. We assume that the SM is 
reliable at least up to densities above the onset of the 
heaviest quark (top), which is of the order ~ 10 27 g/cm 3 
for a charge-neutral fermion gas of six massive quarks and 
three massive leptons with an MIT bag constant chosen 
around the traditional value, B 1 ' 4 ~ 150 MeV. The large 
mass of the top has been assumed to be a consequence of 
weak binding between preons, see, e.g., [22I ]. The phase 
where preons in the top quark can become deconfmcd 
should then have a characteristic density 
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where m t is the mass of the top quark, Kc/h. its "size", 
and A is expected to be of the order of the binding force 
scale parameter, i.e., A gives the compositeness energy 



scale. Inserting this estimate in the expressions for the 
mass and radius of the maximum mass configuration we 
obtain 
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Other estimates provided in Ell EH yield slightly dif- 
ferent but qualitatively similar results. 

CPDM objects could have been created in a first-order 
phase transition in the early universe [ToL fill ] , by a mech- 
anism similar to that described in Q . Under rather gen- 
eral assumptions, this scenario requires that the number 
of microscopic degrees of freedom is higher during the 
prcon era than during the QCD/quark era This, 
perhaps counter-intuitive condition is satisfied by some 
preon models and can be motivated by the simplicity of 
the representations and the group structure, rather than 
an economic number of preons. We do not further specu- 
late about the details of the hypothetical phase transition 
and the process of CPDM formation, as the main aim 
here is to explore the possibility to detect such objects, 
if they exist. We therefore assume that there was a first- 
order transition from a preon phase to the quark/lepton 
phase, and that stable preon bubbles formed. What 
would the characteristic mass of such bubbles be? The 
density of the radiation background is 
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where g e s is the effective number of microscopic degrees 
of freedom at temperature T. Inserting © in Fried- 
mann's equations for a flat universe (the curvature con- 
tribution anyway being negligible at early times) we get 
an expression for the Hubble expansion parameter 
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The maximum size of bubbles is limited by the event 
horizon, i.e., the Hubble radius, c/H, at the temperature 
of the phase transition, T ~ A/fcg- The corresponding 
maximum mass of a preon bubble is 
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which is less than the maximum mass for stable objects 
(|4|). From an observational point of view, My is an es- 
timate for the maximal mass of CPDM objects, because 
the number of coalescence events during the lifetime of 
the universe is negligible, e.g., from (|15[) . In reality, a 
typical preon bubble could be smaller or larger than the 
Hubble radius at the critical temperature, depending on 
the details of the phase transition and the bubble dy- 
namics. See [6j for a general discussion about formation 



3 



and evolution of quark bubbles in the QCD phase tran- 
sition, and [ll| for an analogous discussion about preon 
bubbles. See also [23| and [2J], where different scenarios 
are discussed, leading to maximum masses of quark bub- 
bles that are, respectively, significantly smaller and larger 
than the Hubble radius at the critical temperature. For 
example, in [23| it is suggested that the bubbles should 
be smaller than the Hubble radius by a factor of at least 
ln[(ftc 5 /G) 1/2 /(fcsT Q cD)]/4, which is about one order of 
magnitude for Tqcd ~ 150 MeV. A more precise esti- 
mate for the maximum mass of CPDM objects would re- 
quire further assumptions about the nature of preons and 
their interactions, which are beyond scope of the present 
paper. In Fig. [1] the estimates for the theoretical maxi- 
mum mass Q and the Hubble mass, Mb ®, are plotted 
vs. the compositeness scale, A. Included in the plot are 
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FIG. 1: Constraints on the mass of compact preon dark mat- 
ter (CPDM) objects vs. the compositeness energy scale, A, 
which is related to the length-scale of a composite top quark 
by he/ A. The estimate for the maximum mass of objects 
formed in the early universe, Mh(A, g e s), is the mass within 
the horizon at the time of the preon phase transition, where 
g e fi is the effective number of degrees of freedom in the preon 
phase. The LHC will probe compositeness scales up to about 
40 TeV. The maximal mass of unobserved compact dark mat- 
ter objects is ~ 10 23 kg and femtolensing searches rule out 
~ 10 14 < M < 10 15 kg. No observational technique can 
presently resolve objects with masses below 10 14 kg. See the 
text for details. 



also the constraints on the mass of compact CDM from 
gravitational lensing searches, see the next section. The 
Large Hadron Collider (LHC) should allow exploration of 
compositeness scales up to about A ~ 40 TeV, see [25$ . 
where future luminosity upgrades of LHC are discussed 
also. 



III. GRAVITATIONAL LENSING 

Gravitational lensing is today a well established field of 
astronomy, with a variety of astrophysical and cosmolog- 
ical applications. Among the many interesting lensing 
phenomena, there is a possibility to observe low-mass 
lenses by measuring interference effects between lensed 
images of narrow astrophysical sources. For lenses with 
masses in the range ~ 10 14 kg < M < 10 17 kg, the time 
delay induced by the lens would be comparable to the 
oscillation period of a gamma-ray. It has therefore been 
suggested [26] that lenses with masses in this range could 
be observed by gravitational lensing of gamma-ray bursts 
(GRBs). Because the separation of the images would be 
in the femto-arcsecond range for lenses and sources at 
cosmological distances, this phenomenon is called "fem- 
tolensing" . Femtolenses would produce a characteristic 
pattern in the spectrum of GRBs [27], which is stable on 
time scales of 1 s, but might slowly drift on time scales 
of 10 s due to the relative motion of the lens and source. 

No evidence for the existence of femtolenses presently 
exist, but a number of GRB spectra, see (28| and refer- 
ences therein, have significant features that yet remain to 
be explained and are similar [2t| to those in a femtolens- 
ing model spectrum. In particular, the GRB detector 
aboard the Ginga spacecraft recorded "absorption" fea- 
tures with credible significance near 20 and 40 keV, es- 
pecially for the burst GRB 880205 [3(| and somewhat 
less convincingly in the burst GRB 870303 [3l|. These 
features were originally interpreted as evidence for cy- 
clotron scattering of electrons in a strong magnetic field 
and, as a consequence, a galactic origin of some GRBs, 
see, e.g., [H,[32|]. More recent observations (afterglows, 
supernova-GRB connection, etc.) and theoretical mod- 
els of GRBs falsify this explanation, in particular because 
these were long GRBs, known to occur at cosmological 
distances. The origin of the features observed with Ginga 
is therefore an unsolved mystery. Similar features in the 
spectra of GRBs have been detected in a number of other 
missions, notably at 11 and 35 keV in GRB 890306 by 
Lilas (33[ , and at 50 and 70 keV in the two peaks of GRB 
780325 by HEAO A-4 [p. Similar features have been 



detected also by the BATSE spectroscopy detectors, see 
[HI and references therein. 

For more massive lenses, the energy-dependent spec- 
tra from a single GRB detector provide no useful infor- 
mation. Instead, the spatial interference effect needs to 
be measured. Two spacecrafts separated by a distance 
that exc eeds the ra dius of the Einstein ring of the lens, 
Re ~ y/GM/(Hc) ~ 10 7 m x y/M/(10 15 kg), could de- 
tect lenses with masses in the range ~ 10 15 kg < M < 
10 23 kg [36|. No present result limits the amount of 
CPDM with masses in this range [13] • Consequently, 
refined femto- and picolcnsing searches could be used to 
detect CPDM with masses in the range 10 14 kg < M < 
10 23 kg. A large abundance of CPDM with M > 10 23 kg 
is, however, not consistent with observations @. This 
does not preclude the possibility that a small fraction of 
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CDM is in that form, but since the corresponding com- 
positeness scale is within reach of the LHC, see Fig. [TJ 
there is no reason to discuss that possibility here. In the 
following, we briefly discuss the femtolensing effect on 
the spectrum of GRBs. 

The magnification functions for point and extended 
sources have been derived in (2?| • These functions are 
not trivial to obtain and have to be calculated numeri- 
cally. We have therefore provided an on-line tool [38| for 
calculation of femtolensing magnification functions and 
model GRB spectra, which implements the model in [27| 
with some extensions. The magnification function de- 
pends on four parameters, the mass and redshift of the 
lens, the angular separation of the source and lens, and 
the angular width of the source. The width of the lens is 
neglected, because it has practically no effect as long as 
the lenses are smaller than their Einstein ring. We de- 
note the angular diameter distances of the lens and the 
source from the observer, and of the source from the lens 
with d,L, ds, and d^s, respectively. The distance, r s , be- 
tween the source and the optical axis is measured in the 
dimensionless quantity 
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where Be = \J 'iGMd^s / '{c 2 di,ds) is the angular radius 
of the Einstein ring and (£, rj) are the Cartesian coordi- 
nates of the source in the source plane. The dimensionless 
width of the source, a s , is defined analogous to r s , i.e., 
the actual width is divided by d s 0E. Some femtolensing 
spectra are plotted in Fig. [2l for three different widths of 
a GRB, which is assumed to have a fixed position relative 
to the optical axis, r s = 0.5. The model spectrum of the 
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FIG. 2: Femtolensing of a gamma-ray burst (GRB) with 
model spectrum (E/Eo)~ , for three different widths of the 
source, a a . The GRB has a fixed position relative to the op- 
tical axis, r a = 0.5, see text. These spectra were calculated 
with the on-line interface [3H ]. 

GRB is a assumed to be a power law, with an exponent 



of —1. The energy scale depends on the redshift, z, and 
mass, M, of the lens according to 
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for any model spectrum of the GRB. In Fig. [3] a fem- 
tolensing spectra is superimposed on the spectral data of 
GRB 880205 for power law models of the GRB spectrum. 




hv (keV) 

FIG. 3: Ginga spectral data of GRB 880205 for a power 
law model of the incoming spectrum (dashed line), which is 
ruled out at more than 99.99% confidence level [2a |. The 
observed spectrum has line features at hv ~ 20 and 40 keV, 
which could be due to gravitational lensing (diffraction) of a 
Gaussian source by a ~ 10 16 kg object at redshift z ~ 1 (solid 
line) . The spectral data depend on the model used and should 
not be directly compared to the diffraction spectrum, which 
therefore has been shifted downwards to enhance viewing [291 ] . 
The main concern here is the location of the line features. 

Because the amplitude of the femtolensing magnifica- 
tion function decays with frequency (and the width of the 
source), detectors that have energy thresholds well below 
the first minima should be used in femtolensing searches. 
According to Eq. (15) in [27|, the first minimum of the 
magnification function is located at 
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Spectra from the Transient Gamma-Ray Spectrometer 
and the BATSE spectroscopy detectors used in recent 
searches for absorption line features in GRB spectra 
were limited to E > 40 keV and 20 keV, respectively, 
see [H, HH and references therein. Consequently, the 
advantages of these instruments fall short in searches 
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for femtolenses of high mass due to the relatively high 
lower-energy thresholds. The absorption features in GRB 
870303, GRB 880205, and GRB 890306 observed in ear- 
lier missions would appear less significant if observed 
with these instruments. In particular, the low-energy 
absorption features in these bursts would not be de- 
tected. The limit on the abundance of femtolenses given 
in [3?J should therefore not be taken too seriously for 
more massive femtolenses. For masses in the picolensing 
range, there are presently no limits on the abundance of 
CPDM (other than pcpdm < Pcdm)- A refined search for 
femto- and picolensing features in high-resolution spec- 
tra of GRBs would therefore provide useful constraints 
on the abundance of CPDM and similar compact dark 
matter objects. 



IV. GRAVITATIONAL WAVES FROM 
BINARIES 

While gravitational pico- and femtolensing can be used 
to detect and estimate the mass spectrum of CPDM, 
these methods provide little information about the actual 
density of the lenses (R < cIlOe)- Consequently, lensing 
methods alone cannot provide detailed information about 
the nature of the objects and their constituents. One pos- 
sibility to constrain the upper limit size of CPDM is to 
measure high-frequency gravitational wave (GW) radia- 
tion emitted from binary systems. In the following, we es- 
timate the properties and expected rate of such events for 
objects with masses in the range 10 15 kg < M < 10 23 kg, 
which roughly is the range unconstrained by gravitational 
lensing searches. 

Assuming that the objects are distributed randomly 
in the solar neighbourhood, the probability distribution 
function for the semi-major axis, a, of binaries is [401 ] 
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where x is the mean separation. Typically, the tidal 
forces from nearby objects add angular momentum to 
a binary and head-on collisions are thereby avoided. We 
assume that the dark halo density in the solar neigh- 
bourhood is 0.0079M Q pc -3 [4l|. For simplicity, we also 
assume that the bulk of the dark halo is in the form of 
CPDM of equal masses. The results can readily be gen- 
eralised to an arbitrary fraction of CPDM. The mean 
separation is 
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The remaining time before coalescence, r, due to emis- 
sion of GWs depends on the masses, the semi-major axis, 
and the eccentricity of the orbit. For small r the eccen- 
tricity can be neglected, as the radiation reaction acts to 
reduce it. For a circular orbit, the coalescence time is 
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The probability distribution function (|12[) can be ex- 
pressed in the coalescence time r. Consequently, the 
relative number of coalescence events within a time t is 
obtained by 
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where J °° P(r)dT = 1. The exponent in (fT5|) is small for 
all masses considered here, at any relevant timescale, t. 
We therefore make the approximation 1 — exp(— x) ~ x. 
The total number of objects, N(D), within a distance D 
can be expressed in the local dark halo density and the 
mass of the objects. The number of coalescence events, 
N c , within a time t is N c — N(D) /„' P(r)dr, which yields 
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This estimate for the coalescence rate scales linearly 
with the fraction of CPDM, i.e., there is an extra factor 
Pcpdm /pcdm on the right-hand side of (fTT)) . In order to 
obtain a realistic event rate, a detector sensitive enough 
to detect CPDM coalescence events at a distance of sev- 
eral pc is needed. Next, we estimate the frequency and 
amplitude of such events. 

The frequency of GWs, f g , emitted from a binary in a 
circular orbit is twice the Kepler frequency 
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because the waves are essentially generated by the 
quadrupole moment of the binary. The power emitted 
in GWs is (H 
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and the amplitude of the GWs at a distance D from the 
source is 
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The frequency dependent amplitude (|20|) is plotted in 
Fig. d] for different masses, M, and distances, D, cho- 
sen such that fO coalescence events per year are ex- 
pected with at least that amplitude (if the CPDM frac- 
tion of CDM is less than one, the number of events 
per year is lowered by the same factor). Also indicated 
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FIG. 4: Amplitude vs. frequency for gravitational waves 
emitted from an equal-mass binary system in circular orbit. 
The distance is such that 10 coalescence events per year is ex- 
pected within that range, i.e., N c — 10 in (JTTJ) . The solid lines 
denote the frequency-amplitude relation for different masses, 
M, of the CPDM objects, in steps of one order of magnitude. 
The coalescence time (|14f) is denoted by the dotted lines, also 
in steps of one order of magnitude. The dash-dotted line cor- 
responds to an orbital velocity of 10% of the speed of light. 
Dashed lines denote the lower sensitivity curves for an obser- 
vational time of 5 years with EURO, according to two different 
design specifications (shot-noise limited antenna with a knee- 
frequency of 1000 Hz and a xylophone- type interferometer). 
The sensitivity of the first prototype 100 MHz detector in the 
UK [44j] is presently insufficient to detect CPDM coalescence 
events. The shaded region, h < 10~ 30 , apparently is beyond 
reach of experiments and could be polluted by the relic grav- 
itational wave background, see [43] and references therein. 



in the plot are the coalescence time (fFT| , the thresh- 
old of the relativistic domain, where the orbital veloc- 
ity, v or i, = c(i?5/a) 1 / 2 , is 10% of the speed of light, 
and an estimate for the sensitivity of future detectors, 
h m in ~ 10~ 30 , see [43| and references therein. Even if 
this estimate for the sensitivity could be exceeded, coa- 
lescence events with significantly lower amplitudes would 
be difficult to distinguish from the stochastic GW back- 
ground, created by quantum fluctuations in the early uni- 
verse. This background exists in most popular cosmolog- 
ical models and, due to the expansion of the universe, 
the amplitudes of the initial fluctuations are amplified 
and should approach the h ~ 1CU 30 level 43J. Because 



h (x N c , the amplitudes in Fig. [4] will increase only 
by a factor two for an order of magnitude decrease of the 
event rate. We therefore choose N c = 10, to compensate 
for the simplifying assumption that pcpdm/Vcdm = 1< 

The planned spectral noise density for the European 
Gravitational Wave Observatory (EURO) in the range 
10-10000 Hz is (H 
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where fk = 1000 Hz is the knee frequency. Alternatively, 
EURO will be based on a xylophone-type interferome- 
ter, which has higher sensitivity at high frequencies. The 
spectral noise density for the latter choice is described by 
(|2ip when the last /^-dependent term is omitted. The 
characteristic amplitude of a GW is h c — hy/n, where 
n = / g AT is the number of cycles during an observa- 
tional time of AT. The wave strength of GWs from a 
monochromatic source observed with an interferometer 
is h s = h c / yjhfg. Consequently, the minimum ampli- 



tude, h r 



that can be resolved with EURO after an 



observational time AT is h m i n = \/5S n (f)/AT. This es- 
timate for the sensitivity of EURO is plotted in Fig. [3] for 
an observational time of five years. High-mass CPDM is 
marginally within range of the next generation of grav- 
itational wave detectors. However, the semi-major axis 
of a binary is 
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so in order to get useful constraints on the compactness 
of CPDM, a detector sensitive at higher frequencies is 
needed. Interestingly, high-frequency GW detectors are 
laboratory-scale devices that are relatively inexpensive 
to construct. A first 100 MHz prototype has recently 
been built in the UK [44| . If the sensitivity of such de- 
tectors would approach the estimates given in [43| , they 
would provide useful constraints on CPDM. The range 
10 15 kg < M < 10 18 kg would, however, only be accessi- 
ble by rare nearby events. 



V. CONCLUSION & DISCUSSION 

If quarks and leptons are composite particles, super- 
dense preon stars (or "nuggets" ) could exist [3, llO, lllj • 
While the microscopic motivation for such objects is still 
somewhat schematic and the exact process of formation 
uncertain, the consequences of their eventual existence 
are far-reaching. In the present paper we briefly investi- 
gate their phenomenology, assuming that they formed in 
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the early universe and contribute significantly to CDM. 
Their maximum mass is roughly limited by the horizon 

at the time of formation, M H ~ 10 24 kg 5 ~ ff 1/2 (TeV/A) 2 , 
where A is the quark compositeness energy scale and <? c ff 
is the number of microscopic degrees of freedom in the 
primordial preon phase. This is a factor ~ 2y/g c sA/TeV 
lower than the maximum mass for stable hydrostatic con- 
figurations. However, the typical mass could be lower 
or higher than this estimate, depending on the proper- 
ties of preons and their interactions. Gravitational lens- 
ing searches put strong constraints on the abundance of 
CDM objects with masses in the ranges M > 10 23 kg 
and 10 14 < M < 10 15 kg. Unexplained features in GRB 
spectra observed by, e.g., Ginga, Lilas, and HEAO A-4 
motivate a continued search for gravitational pico- and 
femtolenses. This would provide useful constraints on 
the abundance of compact CDM objects with masses 
in the range 10 15 < M < 10 23 kg, corresponding to a 
maximum compositeness energy scale for CPDM of a 
few thousand TeV. This observational technique, how- 
ever, provides little information about the nature of the 
lenses, because their size and density is limited only by 
the radius of their Einstein ring. Future high-frequency 
gravitational wave detectors could provide complemen- 
tary information about the density of compact CPDM 
binaries, but it is presently unclear whether it is possible 
to detect the c hirp signal of a low-mass binary as the ob- 
jects coalesce [46[. This would be necessary in order to 
obtain a useful constraint on the radii and, consequently, 



a lower-limit for the density of the objects. In an opti- 
mistic scenario, where the mass of the CPDM objects is 
comparable to Mji, this method could be useful to in- 
directly detect compositeness up to a few hundred TeV. 
Another possibility to detect compact CDM objects and 
to constrain their density is by seismology, i.e., by mea- 
suring the seismic waves generated as they pass through 
the Earth or the Moon, see [47j and references therein. 
Unlike the observational methods discussed above, this 
method is useful in scenarios where the typical mass of 
the objects is low, as the collision rate increases with the 
number density of objects. The cross-section of a CPDM 
object would be at least six orders of magnitude smaller 
than for a quark nugget of equal mass, making it pos- 
sible to distinguish them. Should CPDM objects exist, 
their observational detection may well be the only means, 
for quite a long time, to discover compositeness beyond 
the reach of the LHC and other near-future accelerators. 
As the observational techniques discussed here are useful 
also for other purposes, and are already in operation to 
some extent, they constitute a comparatively simple and 
inexpensive way to test the CPDM hypothesis. 
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